[1] The mobile DOAS technique was used to quantify the NO x vehicle emission of the central urban area, enclosed by the Inner Ring Viaduct Road (IRVR), of Shanghai, China. Three field measurement campaigns were performed during the pre-EXPO period in October 2009, the EXPO opening ceremony, and the closing ceremony period in 2010. The spatial and temporal distributions of NO 2 Vertical Column Densities were derived, and the effects of traffic and wind conditions were studied. The averaged NO 2 emissions rates from the IRVR area were determined to be 2.1 AE 0.9 ton/h, 2.8 AE 1.4 ton/h and 2.7 AE 1.4 ton/h for these three campaigns. The annual vehicle NO x emissions for the central urban area were estimated to be (2.3 AE 
Introduction
[2] Shanghai, located on the alluvial plain of the Yangtze River Delta (YRD), is the economic center of China, and one of the mega-cities in the world. Its residential population at the end of 2009 was more than 19 million, with an area of 6340 km 2 covering 17 districts and one county. Due to the rapid economic growth, the vehicle population has increased with an average rate over 10% per year during the last decade, and there are currently more than 2.85 million vehicles registered in Shanghai [Shanghai Municipal Statistics Bureau, 2001 . As a result, vehicle emission has become a major source of urban air pollution in Shanghai [e.g., Chan and Yao, 2008; Wang et al., 2010] . In particular, the total NO x emission in the central urban area surrounded by the Inner Ring Viaduct Road (IRVR) is largely contributed by vehicle emission [Wang et al., 2008; Fu, 2009] . Therefore, the quantification of vehicle emissions is fundamental to complementing and updating the emission inventory.
[3] The World Exposition (EXPO) 2010 was held on both banks of the Huangpu River in Shanghai, from 1 May to 31 October 2010. With the theme of "Better City -Better Life," the air quality in Shanghai has attracted more and more attention [United Nations Environment Programme (UNEP), 2009]. To improve and maintain the air quality, the municipal government implemented a series of strategies to control and reduce the vehicle emissions before and during the EXPO, including employing the National Fourth Phase Emission Standards (equivalent to the Euro 4 standards) from November 2009 onwards, accelerating to phase out obsolete polluting vehicles before the EXPO started, and introducing several access limitations [UNEP, 2009] . Since 2009, heavyduty vehicles which failed to meet the Euro 2 standards for exhaust emissions have been banned from entering the IRVR area. Similarly, all vehicles not compliant with Euro 1 standards have been prohibited to enter the middle ring viaduct road from August 2009 onwards [UNEP, 2009] . During the EXPO, only vehicles with the EXPO pass were permitted to enter the EXPO Park surrounding areas.
[4] The Differential Optical Absorption Spectroscopy (DOAS) remote sensing technique, based on molecular UV-VIS light absorption, has been proven to be an important 1 tool for air pollutant field measurements [Platt and Stutz, 2008] . Employing zenith scattered sunlight, passive DOAS is capable of measuring tropospheric and stratospheric species such as NO 2 [e.g., Petritoli et al., 2002] , O 3 , BrO and OClO [e.g., Fraser et al., 2009] . Passive DOAS can be carried out on various platforms including ground-based [e.g., Chen et al., 2009] or mobile stations [e.g., Johansson et al., 2008 Johansson et al., , 2009 , and airborne [e.g., Giovanelli et al., 2006] or satellite-borne facilities [e.g., Petritoli et al., 2004; Martin, 2008] . With the ability to measure many gases simultaneously in open atmosphere and the portability on a moving platform, the mobile DOAS technique has been employed for measuring NO 2 and SO 2 plumes emitted from a power plant [e.g., McGonigle et al., 2004] , SO 2 , BrO in volcanic plumes [e.g., Bobrowski and Platt, 2007] , as well as emissions from industrial areas [e.g., Rivera et al., 2009 Rivera et al., , 2010 and from the entire cities [e.g., Johansson et al., 2008; Ibrahim et al., 2010] .
[5] In order to investigate NO x vehicle emissions from the central urban area of Shanghai, we applied the mobile passive DOAS technique using zenith-sky scattered sunlight spectra to retrieve NO 2 column densities. The required position and movement information were recorded simultaneously by a Global Positioning System (GPS) device. We performed the mobile DOAS field observations on 38 days by encircling along the IRVR in Shanghai, in fall of 2009 (pre-EXPO), spring of 2010 (opening EXPO) and fall of 2010 (closing EXPO). During the three campaigns, we derived the tropospheric NO 2 Vertical Column Densities (VCDs) and NO x vehicle emission rates from the central urban area of Shanghai. These emissions estimates can be used for validating emission inventories and developing vehicle pollution control strategies.
Method and Experimental Setup

Mobile DOAS System
[6] A schematic framework of the overall mobile DOAS system is shown in Figure 1 . The mobile DOAS system designed and assembled by the authors [Wang et al., 2009] consists of three main parts: The first subsystem, the zenith scattered light passive DOAS is connected to the computer workstation through a USB cable. It receives the light using a telescope with 36 mm diameter and 200 mm focal length. The zenith scattered sunlight is fed to a spectrometer (B&W TEK Inc., BTC112) via a quartz fiber. This spectrometer covers the UV-VIS region (300-560 nm), allowing for the detection of chemical species with absorption features in the UV wavelengths as well as the violet and blue regions of the visible spectrum, including O 3 , HCHO, HONO, H 2 O, NO 2 , IO, O 4 and (CHO) 2 . The spectral resolution is about 0.65 nm full width at half maximum, as determined by calibration with a high resolution solar spectrum. The detector is a linear CCD array with 2048 pixels. The second subsystem, the GPS receiver records position and movement information such as longitude, latitude and the car speed. This information is transmitted to the computer workstation with a time resolution of 1 s. The third subsystem is the computer workstation which runs the overall system, stores the spectral and positioning data, analyses the spectra and plots the real-time track. Both the passive DOAS telescope and the GPS receiver were installed on the roof of a car.
Experimental Setup
[7] The road network of Shanghai has three concentric ring roads, i.e., the Inner Ring Viaduct Road (IRVR), the Middle Ring Viaduct Road, and the Outer Ring Road, together with a crossed Yan'an Viaduct with South-North Viaduct as its arteries. Figure 2 displays the administrative division of Shanghai and the IRVR. Embracing three districts and passing through six districts, the IRVR is regarded as the boundary of the central urban area of Shanghai. The 48 kmlong IRVR can be divided into three parts: 33 km in Puxi, 11 km in Pudong and 4 km of two bridges. These two bridges, named Nanpu Bridge and Yangpu Bridge, are spanning Huangpu River and connect the IRVR between the Puxi and the Pudong part. Usually it takes about 70 min to encircle the IRVR and EXPO park, at an average car speed of 55 km/h. As shown in Figure 2b , we turned right to encircle the EXPO park after passing across the Nanpu Bridge for the first time, and then went ahead along the IRVR after passing through the Nanpu Bridge for the second time.
[8] To avoid the interference of local emission on the encirclement path during the traffic rush hours, we performed the mobile observations along the IRVR around noon time (i.e., usually between 10 A.M. and 1 P.M.) during the three campaigns. The mobile passive DOAS instrument was carrying out automated measurements by a control program FudanDOAS (Bin Zhou, Fudan University) that helps collect spectral information and store the spectra every minute. Also calibration steps such as dark current and electronic offset correction were performed by the program before spectra fitting. Associating the retrieved NO 2 VCDs with positioning data at the same time, the program FudanMobileDOAS (F. Qi, Electronic Engineering Institute, personal communication, 2009) [Burrows et al., 1998 ], O 3 [Burrows et al., 1999] , O 4 [Greenblatt et al., 1990] , and H 2 O from the HITRAN database [Rothman et al., 1998 ] were used in the DOAS fit. Moreover, a synthetic Ring spectrum is included in the fitting.
[10] For spectral analysis, each measured zenith-sky spectrum is divided by a relative "clean-air" spectrum, the so-called Fraunhofer reference spectrum. The reference spectrum was collected with the same spectrometer at Chongming Island on 17 April 2010 at 10:07 local time (See "location of FRS" in Figure 2a ). Afterwards the output of the WinDOAS evaluation yields the Differential Slant Column Densities (DSCDs) of NO 2 between the measured and the chosen reference spectrum, as well as the uncertainties of retrieved DSCDs. The typical uncertainties of retrieved NO 2 DSCDs were estimated to be about 10% [Ibrahim et al., 2010; Rivera et al., 2009; Shaiganfar et al., 2011] . An example of a NO 2 DOAS-fit result is shown in Figure 3. 
Tropospheric NO 2 VCDs
[11] Considering the special geographic location and good long-term air quality of the Chongming Island, the NO 2 values from this reference spectrum can be taken for the background values of stratospheric NO 2 over Shanghai with the approximation that the reference spectrum would be free of tropospheric NO 2 [Chen et al., 2009] . A typical total NO 2 column of 5 Â 10 15 molec/cm 2 for the Chongming Island has been verified in previous measurements e.g., in December 2006 , November 2009 and April 2010 . Therefore, the retrieved DSCDs are expected to be the tropospheric NO 2 slant column densities. Compared to the high polluted tropospheric NO 2 in central urban area, we neglected the relatively small tropospheric NO 2 pollution contained with the reference spectrum. An Air Mass Factor (AMF) is applied to convert the DSCD to the VCD.
[12] Note that in previous studies [e.g., Johansson et al., 2008 Johansson et al., , 2009 Rivera et al., 2009 Rivera et al., , 2010 [McLinden et al., 2002] . A single priori NO 2 profile is used with a constant concentration of 5.4 Â 10 11 molecules cm À3 (equal to 20 ppb at the ground level) within the boundary layer (BL) of 800 m [Chen et al., 2009] . The urban aerosol is assumed to be in homogenous layers extending from the surface to the top of BL, following an exponential decrease with height [Leitão et al., 2010] . Here the urban aerosol loads is adopted with representative aerosol optical depths (AOD) of 1.0 and 0.7 for spring and autumn, respectively [Pan et al., 2010] .
[13] Since the tropospheric AMFs is largely dependent on aerosol and NO 2 content in BL, we attempted to estimate the uncertainties in AMF with a sensitivity study by varying the setting of boundary layer height (BLH), aerosol and NO 2 loading. To simplify, we assumed that the majority of anthropogenic sources are the same for both NO 2 and aerosols. Therefore, they would have similar spatial distributions of simple box profile with BL. The tropospheric NO 2 AMFs, simulated with a layer (aerosol and NO 2 ) height of 800 m, AOD of 0.7 and NO 2 concentration of 20 ppb, were selected as the reference scenario. A set of input parameters for NO 2 and aerosol were attempted as sensitive cases. The AODs were adopted with range of monthly values in Pudong reported by Pan et al. [2010] , whereas the BLHs were set in accordance with the monthly and diurnal variation in Shanghai [Yang et al., 2006] . Besides, we referred to the measured NO 2 concentrations to mount the NO 2 loads in BL. The results of the uncertainties in AMF under such assumptions are detailed below.
[14] The tropospheric NO 2 AMFs calculated under the same scenario of BLH and moderate polluted NO 2 but different AODs of spring and autumn were shown in Figure 4a . The results reveal the difference between the marine aerosol, which is composed of water soluble aerosol, coarse and accumulation mode sea-salt, and the pure dust aerosol. The AMFs resulting from the simulations with fine aerosols with different AODs are similar, which are much higher than those of coarse particles (dust aerosol). Figure 4b displays the tropospheric NO 2 AMFs deduced from different assumed AODs (0.5, 0.7, 1.0, and 1.2) and moderate polluted NO 2 with a BLH of 800 m. Higher AOD presents larger tropospheric NO 2 AMFs when the SZA is less than 60 . The errors caused by an assumed uncertainty of AOD in a range of 0.5 to 1.2 are less than 10%. Given the AOD of 0.7 and moderate polluted NO 2 , but different BLHs of 600, 800, 1000, 1200, and 1500 m, the results shown in Figure 4c indicate that the tropospheric NO 2 AMFs are sensitive to the BLH, especially for the 10% regression in AMFs caused by the increase of BLH from 600 to 800 m. Moreover, the influences of NO 2 pollution on tropospheric NO 2 AMFs are investigated for heavy, moderate and light polluted NO 2 of 50, 20 and 5 ppb with a BLH of 800 m and AOD of 0.7. As demonstrated in Figure 4d , the uncertainties of AMFs caused by different NO 2 amount, increased with SZAs, and were up to 15% for SZAs larger than 60 .
[15] Though the respective uncertainties in groups of cases are up to 10%, we estimated the total uncertainties of tropospheric NO 2 AMFs to be 20-30% because of smaller errors for SZAs less than 40 , i.e., during noontime when the mobile DOAS observation were usually performed.
[16] The presence of clouds was not taken into account in above cases, which could bring uncertainties to the results. In order to reduce the interference of clouds, we screened the cloudy days via the meteorological data and the retrieved O 4 DSCD. Since the atmospheric O 4 concentration profile is well known and nearly constant, the observed O 4 absorption clearly indicates the atmospheric distribution of photon paths [Wagner et al., 2004] . For example, due to the multiple Mie scattering inside the clouds, the increased geometrical path length enhances both the absorptions of O 4 and H 2 O largely. Accordingly, 14 days are excluded from the 
Emission Calculation
[17] Generally, the continuity equation for emission calculation involves three terms: source, flux divergence, and rate of change of concentration:
[18] Where 8 is the trace gas amount,f is a vector function describing the flux (flow per unit area and unit time) of 8, r Áf is divergence of the vector fieldf , t is time, and s is the generation (or removal) per unit volume and unit time of 8. Terms that generate (s > 0) or remove (s < 0) 8 are referred to as a "sources" and "sinks" respectively.
[19] To simplify, we neglected the time derivation of total NO 2 amount ( ∂8 ∂t ) in the continuity equation and expressed the continuity equation in integral form. The consideration of whether it is appropriate to be neglected will be detailed in Section 3.4. Therefore, the total flux, which is the difference between the fluxes entering and leaving the encircled area, can be determined by taking the integral along the driving route [Ibrahim et al., 2010; Johansson et al., 2008] .
[20] The angle a(s i ) between the driving direction and the wind direction has been introduced in discrete steps in order to distinguish the flux entering or leaving the encircled region, in upwind and downwind flow. Consequently the total NO 2 emission within the IRVR can be described as follows:
[21] In equation (4), the NO 2 VCD, i.e., the integral of the concentration along a vertical line from the instrument and up, has been determined for each finite path element s i (between the starting points of two successive measured spectra along the IRVR).ñ represents the normal vector parallel to earth's surface and orthogonal to the driving direction.W is the average wind vector for each IRVR encirclement. Ds i is the geometric distance between the locations at the beginning of two successive spectra measurements.
[22] The total NO x (=NO+NO 2 ) emission rate can be inferred from the NO 2 emission rate using two correction factors, the ratio (R) of NO/NO 2 and the NO x lifetime correction (c t ):
[23] Here 1 + R is a correction factor based on the assumption that a partitioning of NO x into NO and NO 2 occurs. The ratio of NO/NO 2 is determined by dynamic chemical reactions and is difficult to grasp without a direct measurement. Geng et al. [2008] reported that the NO/NO 2 ratio varied from 0.6 to 1.1 in summer 2006 and from 0.3 to 0.5 in winter 2007, which was measured in the central urban area of Shanghai during the identical periods between 10 A. M. and 1 P.M. local time. We adopted the typical NO/NO 2 ratio of 0.6 in emission calculation. Hereby, the uncertainties in emissions are estimated to be 20-30% considering the seasonal variations of the NO/NO 2 ratio.
[24] The NO x lifetime varies from a few hours to a couple of days depending on the OH and ozone concentrations via complex chemistry mechanisms, as well as on the aerosol load, the NO/NO 2 ratio, and the meteorological conditions and photolysis strength [Atkinson, 2000] . c t is a correction factor accounting for the destruction of NO x and the NO x lifetime in the urban environment at noon time:
[25] Assuming that the NO x is emitted from the center of the IRVR, it would take between 20 and 60 min to be transported from the center to the measurement location on the IRVR based on the average distance (D) of the emission source from the measurement location and the average wind speed (W) for individual encirclements. The resulting c t is in the range of 1.04-1.24 under the assumption of a typical NO x lifetime (t) of 5 h for polluted areas in East China [Lin et al., 2010; Shaiganfar et al., 2011] . Given the high OH concentrations and the short NO x lifetime in urban plumes at noon, the NO x loss may be underestimated. Nevertheless, the uncertainty in NO x lifetime is probably of secondary concern for the time scales involved in the measurements (typically less than one hour). The uncertainty in emissions due to the variations of the correction factor c t caused by NO x lifetime and wind speed is estimated to be about 10-15%.
Wind Field
[26] The wind data used in this study were obtained from the automatic weather station located at Hongqiao airport, Shanghai (31.20 N, 121 .34 E, station elevation above m.s.l. 3 m). The wind direction and speed at 10 m height were given every 30 min. We averaged the wind direction and speed during the period of an encirclement. The mean value and standard deviations of the wind parameters for the 38 round trip encirclements are listed in Table 1 . Relatively stable wind field before and during the measurements is prerequisite for making the flux measurements by the mobile DOAS method [Johansson et al., 2008] . For single encirclement, the standard deviations of wind speed are generally small compared to the absolute mean value, as well as the standard deviation of wind direction. The uncertainties in the wind field at 10 m were estimated to be 10-20% based on the standard deviations of $15 in wind direction and of $10% in the wind speed.
[27] Besides the wind data fluctuations in the encirclement duration, errors caused by wind field are related to wind vertical profile. Since the emissions will be distributed throughout the BL, the wind field at higher altitude would be much relevant to the emission estimation. According to the 15 years meteorological observation, the monthly BLH in Shanghai has been reported varying within a small range from 500 to 700 m. The seasonal variation of BLH was characterized with relatively larger value in summer and smaller value in winter, as well as an approximately moderate value in spring and autumn. Considering the diurnal variation, the BLH around noontime would be assumed to 800 m, as it increased from 300 m at 02:00 to 900 m at 14:00 [Yang et al., 2006] . We compared the wind data of atmospheric sounding at ground surface to 800 m height at Baoshan meteorological site (31.40 N, 121 .46 E) in Shanghai (http:// weather.uwyo.edu/upperair/sounding.html). Figure 5 illustrates that the wind directions at BLH $800 m are much close to those at 4 m in majority cases, with relative deviation of $20
. In contrast, wind speeds at 800 m have commonly doubled or tripled, as against that at ground surface.
[28] As a result, the effective wind speed relevant to the NO 2 layer is probably underestimated if the wind data at 10 m are only compelled to be used. Since the vertical mixing occurs quickly in the BL, the middle height of BLH, i.e., 400 m, was taken as the representative horizontal transport height under an assumption that the emissions were expected to be well mixed throughout the whole BL around noontime. The wind velocity in lower atmosphere (<1000 m) is obedient to the increased with the height by power function. By the power function fitting for the daily atmospheric sounding data at Baoshan site, we calculated the ratios of wind speeds at 400 m to that at 10 m, with an average of 1.34. Since no real time atmospheric sounding data of the mobile measurement duration was available, we used a coefficient of 1.34 to multiply the wind speed at 10 m in order to compensate the underestimation in emission estimation. Thus the underestimation of the determined emission rates will be small and acceptable. Together with the uncertainties of wind field variation in vertical using the exponential factors to calculate wind speed at 400 m, we estimated that the uncertainties in emission caused by wind data would be 20-30%.
Results and Discussion
Daily NO 2 Vertical Column Densities
[29] According to the retrieval procedure described in Sections 2.3.1 and 2.3.2, we derived the NO 2 VCDs along the route for each encirclement. As shown in Figure 6 , the averaged NO 2 VCDs varied from (18.4 AE 4.4) Â 10 15 to (98.8 AE 5.2) Â 10 15 molec/cm 2 during the three campaigns, with a mean value of (37.0 AE 4.5) Â 10 15 molec/cm 2 during the EXPO period (blue rectangle in Figure 6 ). The so-called "holiday effects" can be observed, i.e., as a result of less A finite path element is defined to be the traversed cross section between the starting points of two successive measured spectra. b Wind direction was given clockwise by 16 cardinal directions, e.g., wind from north is 0 (N), wind from east is 90 (E). traffic, the averaged NO 2 VCD of (34.6 AE 6.9) Â 10 15 molec/ cm 2 during the holiday periods from 1 October to 8 October in 2009 and from 1 May to 4 May in 2010 is relatively small compared to that on working days (45.6 AE 4.8) Â 10 15 molec/cm 2 . This indicates that vehicles are a major source of anthropogenic NO 2 in the central urban area.
[30] The NO 2 VCDs from the mobile DOAS measurements along the IRVR have been compared with satellite observations from the Global Ozone Monitoring Experiment-2 (GOME-2). GOME-2 is a nadir-scanning UV-VIS spectrometer with a spectral coverage of 240-790 nm and a spectral resolution between 0.26 and 0.51 nm. It has a spatial resolution of 80 Â 40 km 2 , and provides a global coverage within about 1.5 days [Munro et al., 2006] . Operational tropospheric NO 2 products are provided by the German Aerospace Center (DLR) in the framework of the O3MSAF [Valks et al., 2011a [Valks et al., , 2011b . Daily averaged GOME-2 tropospheric NO 2 VCDs were obtained by averaging all GOME-2 measurements with cloud fraction <0.2 within the region covering N, 120.9-121.9 E, red rectangle in Figure 2a) . Because of the large pixel size of GOME-2, we have to choose a rather large area (Shanghai and its surrounding areas) for comparison. If we only choose one pixel or a smaller region with a few pixels only, then there remain only a few days for the comparison after the cloud screening. Figure 7 shows the absolute values of tropospheric NO 2 VCDs from mobile DOAS measurements and GOME-2 data. The relative variations of these two data sets match quite well with a correlation coefficient of 0.70. The large difference in the absolute value of tropospheric NO 2 VCDs between mobile DOAS measurements and GOME-2 observations is mainly due to the differences in the spatial resolution of the two observation techniques. The central urban area encircled by the mobile DOAS field measurements undergoes heavy local NO 2 pollution from vehicle emissions, whereas the satellite measurements additionally cover the much less polluted area outside the IRVR.
NO 2 Variation Along IRVR
[31] To illustrate the spatial distribution along the IRVR, we show the NO 2 VCDs on a pre-EXPO day (6 October 2009) and the EXPO opening ceremony day (1 May 2010). Figure 8a shows how NO 2 VCDs vary with time during the encirclement on 6 October 2009. A map of NO 2 VCDs along the route is shown in Figure 8b . The main peak values of NO 2 VCDs usually occurred at traffic congested junctions of the IRVR with other main roads, such as at the Gonghexin Road junction, the West Yan'an junction, and the Caoxi junction. The peak values in Figure 8a correspond to the location of Gonghexin Road junction (Peak 1 with (54.4 AE 5.6) Â 10 15 molec/cm 2 ) and the section from West Yan'an junction to Caoxi junction (Peak 2 with (69.8 AE 7.0) Â 10 15 molec/cm 2 ). Both the higher traffic volume and the condition under which the vehicles were operated (rapid acceleration or deceleration, etc.) were responsible for the peak values at these junctions. On the EXPO opening ceremony day 1 May 2010, the NO 2 VCDs for the entire IRVR showed a smaller variation ranging from (18.5 AE 2.5) Â 10 15 molec/ cm 2 to (34.8 AE 3.7) Â 10 15 molec/cm 2 , as displayed in Figures 8c and 8d . In contrast to the encirclement on 6 October 2009, NO 2 emitted from vehicles spread all over the area without showing a predominant peak value. The absence of peak values on 1 May 2010 can be attributed to the traffic restrictions applicable at the time of the EXPO opening ceremony, as well as the "holiday effects."
[32] As shown in Figures 8b and 8d , the average NO 2 VCDs in the Pudong part are lower than in the Puxi part during the three campaigns. Besides influences by traffic conditions, this could be due to the fact that the building density in Pudong district is 20% lower than that in the other urban districts where IRVR passes through. Fewer buildings, together with lower building height near IRVR in Pudong, may facilitate the airflow thus the diffusion of pollutants. Furthermore, the roadside trees and greenbelts along the IRVR may have effects on the diffusion of NO 2 .
[33] Besides the traffic volume and vehicle operating condition mentioned above, the wind direction and speed have a strong effect on the NO 2 spatial distribution too. The downwind NO 2 VCDs are usually higher than the corresponding upwind values in most cases, as shown in Figure 9a . Figure 9b shows the ratio of the downwind and upwind NO 2 VCDs as a function of wind direction. It can be seen that all cases for which the upwind values are higher than the downwind values occurred under northerly wind. Wind speed can greatly affect the pollutant concentration since wind dilutes and disperses pollutants throughout the immediate area. There is an inverse relationship between wind speed and pollution, i.e., the higher the wind speed the lower the pollutant concentration. Figure 10 shows the relationship between the daily mean NO 2 VCDs along the IRVR and the wind speed during the three campaigns. A clear positive correlation is found between the reciprocal of the wind speed and NO 2 VCDs for wind speed larger than 4 m/s (R = 0.82).
Investigation for EXPO
[34] Figure 8 shows that NO 2 VCDs of the road surrounding the EXPO park are typically the lowest of the total encirclement (red part in both Figures 8a and 8c) . For further Figure 7 . Comparison between daily tropospheric NO 2 VCDs measured by mobile DOAS along the encirclement route during three campaigns and daily average GOME-2 VCDs for the region in Figure 2 denoted by the red rectangle.
comparison, Figure 11 illustrates the daily mean NO 2 VCDs of the EXPO park road and IRVR. Due to the higher density of roads and traffic volume, daily VCDs at the IRVR are on average 20% larger than on the EXPO park road during the EXPO time in most cases, with peak values reaching almost twice as much. The IRVR/EXPO ratios during the pre-EXPO period of Campaign 1 vary from about 0.6 to 1.8 due to the absence of measures of air pollution reduction in EXPO park, whereas the daily NO 2 VCDs ratios of IRVR and EXPO park road are mostly above 1.0 during the Expo period. Similarly, the difference has apparently been reduced during the post-EXPO period. This could be attributed to the fact that the traffic restrictions and controls within the EXPO park were no longer applicable after the EXPO had ended.
[35] To investigate the air quality at the EXPO park, averaged in situ NO 2 concentrations measured in EXPO park for the duration that mobile DOAS measurements encircled the EXPO park have been compared with the daily averaged VCDs at the EXPO park road. This in situ monitoring system belonged to the air quality monitoring network for EXPO park and surrounding areas. The network, including one stationary station and three road chambers inside EXPO park, was managed by the Shanghai Environmental Monitoring Centre (SEMC). As shown in Figure 12 , there exists a very good correlation between the mobile DOAS and in situ instrument data sets during EXPO period (R = 0.89), which could be interpreted by that the observation durations of them are similar and observation sites are closer.
NO 2 Emission From IRVR
[36] Before the emission estimation, we should consider whether the time derivative of NO 2 concentration in equation (2) can be neglected. The condition to justify the neglect of the time derivative is:
where VCD inside typifies the NO 2 amount inside the IRVR, DVCD downÀup is the change in VCD from upwind to downwind, and the tau is the time it takes air to advect across the ring. The equation (7) can be expressed as the concentration increase:
where N is the NO 2 concentration, L is the distance across the ring, H is the height over which the emissions are distributed, and W is the wind speed.
[37] It is difficult to consider the absolute value of each side simultaneously. For the left side of the inequation, no measured data about the change of NO 2 concentration for our observation duration is available. The diurnal NO 2 tendency in Shanghai urban area has been reported by Geng et al. [2008] , which is smaller than 2 ppbv/h during noontime between 11 A.M. and 1 P.M.. For the right side, this inequation will not be satisfied if the wind speed is not large enough, likewise the DVCD downÀup . Besides, the inequation is dependent on the distance across the ring and the height over which the emission are distributed.
[38] Referring to the NO 2 increase of 2 ppbv/h, given the typical values of L and H, the wind speed should be larger than 10 m/s to neglect the time derivative under a moderate DVCD downÀup of about 4 Â 10 15 molec/cm 2 . Conversely, at moderate velocity of 5 m/s and the extreme small velocity of 1 m/s, the NO 2 increase rate must be smaller than 1.0 and 0.2 ppbv/h, respectively. Since both DVCD downÀup and wind speed have strong influences on the justification, the product of DVCD downÀup Á W larger than 20 Â 10 15 molec/cm 2 Ám/s can be defined as the criterion to justify the neglect of the time derivative in the continuity equation. It is worth pointing out that this selection criterion possibly causes highbiased emission estimation due to eliminating the lower part of the statistical distribution of actual fluxes either for a constant emission source or for a source with natural variability.
[39] Based on the above considerations, we skipped those inappropriate days in which the time derivative cannot be neglected, i.e., 2 and 5 October 2009, 29 and 30 April, 1, 2, 8 and 10 May, 4 and 6 November in 2010. Finally, we derived NO 2 fluxes at each finite path element, integrated total NO 2 emissions within the IRVR using equation (4) for the 14 remaining days. The strength of vehicle emissions within the IRVR is much higher than for the outside downtown area as a result of the high traffic volume and higher road densities. As a consequence, most of the calculated daily total NO 2 emissions are positive, indicating that the large area source encircled by the IRVR emits pollutants to the outside. Estimates of the average NO 2 emissions amount to 2.1 AE 0.9 ton/h, 2.8 AE 1.4 ton/h, and 2.7 AE 1.4 ton/h for the three campaigns.
[40] Considering the ideal case that a single traverse of NO 2 plume is perpendicular to the wind direction and significant NO 2 column were assumed to be only detected on the upwind and downwind legs of the circular mobile DOAS route, the error of NO 2 flux for each finite path element (i) through the area above the instrument is given by:
[41] Where the error of Ds i was negligible due to the high accuracy of the GPS. Furthermore, the relative error of the NO 2 emission rate from the IRVR, which is dependent on the error propagated from each finite path element, is determined via: [42] For those remaining days to be estimated, the uncertainties on tropospheric NO 2 AMFs are supposed to be about 20-30% after correcting via the O 4 absorption. And the error on the wind speed and direction was estimated to be 20-30%. The typical uncertainties of retrieved NO 2 DSCDs are estimated at about 10%. Accordingly, the error of the final average NO 2 emission rates obtained was 45% for several consecutive days.
Vehicle Emission and Comparison With Emission Inventories
[43] According to equation (5), the NO x emissions were inferred from the estimated NO 2 emissions using a c t calculated for every encirclement and a NO/NO 2 ratio of 0.6. The resulting NO x total emissions within the IRVR are 3.7 AE 1.6 ton/h, 4.8 AE 2.6 ton/h and 4.8 AE 2.4 ton/h for the three campaigns. The NO x vehicle emissions of the central urban area were derived from the total NO x emissions based on a central urban area traffic emission share of 80.9% [Fu, 2009] resulting in hourly NO x vehicle emissions of 3.0 AE 1.3 ton/h for 2009 and 3.9 AE 1.9 ton/h for 2010. [44] The diurnal NO x cycle usually displays a typical double peak, representing heavy traffic in the morning and evening rush hours, indicating that NO x emissions are mostly of vehicular origin [Ran et al., 2009] . Considering that NO x emissions were determined only around noontime, we make a reference to the diurnal vehicle emissions profile of Shanghai published by Wang et al. [2008] . They report that the emission peaks in the rush hour periods contributed about 54% to 56% of the total diurnal vehicle emissions in Shanghai, and the emission during the noon time (11:00 to 13:00) contributed about 9.3% of the total diurnal vehicle emissions. We have used these contribution shares to estimate daily emissions and annual emissions [Fu, 2009] , the NO x emissions rate derived in this study show an increase by 1.6 times and 2.1 times from 2006 to 2009 and 2010, respectively. The elevated NO x emissions appeared are possible a result of an increased vehicle population and traffic density.
[46] For the error of NO x flux for each finite path element, another two more items, the NO/NO 2 ratio (R) and the NO x lifetime correction (c t ), are also involved in:
[47] Together with the error of NO/NO 2 ratio evaluated to be 20-30% and NO x lifetime to be about 10%, the relative error of the NO x flux measurement was estimated to be about 55%. The standard deviation of the estimated NO x emission rate is due to actual variations in the observed emissions from the IRVR, as well as the uncertainty in several items mentioned above.
Conclusion
[48] In this study we used the mobile DOAS technique to derive the NO 2 emission rates from the central urban area encircled by IRVR in Shanghai, China. The daily average NO 2 VCDs from mobile DOAS measurements have compared to those from GOME-2 observations. Moreover, the spatial distributions of NO 2 along the encircled route have been derived. Under the impacts of high traffic volume and the bad operating condition of vehicles, the main peak NO 2 columns along the route usually occurred at traffic congested junctions of the IRVR with other roads. The NO 2 spatial distribution is strongly dependent on wind conditions, i.e., the downwind NO 2 VCDs are generally higher than the upwind during the three campaigns. We found that the NO 2 VCDs decrease with increasing wind speed, especial when the wind speeds is higher than 4 m/s.
[49] The total NO 2 emissions emitted from the central urban area have been estimated to be 2.1 AE 0.9 ton/h, 2.8 AE 1.4 ton/h, and 2.7 AE 1.4 ton/h for the three campaigns. Using a typical NO/NO 2 ratio of 0.6, a NO x lifetime of 5 h and the traffic emission shares for the central urban area of Shanghai, the estimated NO x vehicle emissions within IRVR amount to 3.0 AE 1.3 ton/h for 2009 and 3.9 AE 1.9 ton/h for 2010, respectively. Accounting for the diurnal vehicle emissions profile of Shanghai, the annual vehicle NO x emissions for the central urban area has been estimated to be (2.3 AE 1.0) Â 10 4 ton in 2009 and (3.0 AE 1.5) Â 10 4 ton in 2010, and for the entire city to be (13.4 AE 5.9) Â 10 4 ton in 2009 and (17.6 AE 8.4) Â 10 4 ton in 2010. These results show an increasing trend of vehicle NO x emission from central urban area in Shanghai, and are consistent with the increases of vehicle population.
[50] Comparing with the bottom-up emission inventories that a time lag of generally 3-4 years and are prone to uncertainties due to errors in amount and strength of individual pollutant sources, mobile DOAS measurements are a fast and feasible method to estimate pollutant emissions from a point source or even a large area source like an industrial zone or an entire city. Furthermore this method is capable of verifying the accuracy of emission inventories and contributing to renewing existing estimates for pollutant emission data. However, uncertainties in the emission estimates by the mobile DOAS method for the IRVR area are introduced by wind field variations, unknown NO x chemical transformation, and atmospheric scattering complicated by the presence of clouds and aerosols. As a result, we estimate the systematic deviation of the vehicle NO x emissions is 55%.
[51] To reduce the uncertainties in the estimated emissions, future mobile DOAS measurements should be conducted preferably during clear sky days and stable solar light and wind conditions. Ideal measurement conditions are characterized by no or smaller increase of the NO 2 amount within IRVR, moderate wind speed, and relatively larger difference between upwind and down NO 2 VCDs. The accuracy of the determination of the NO 2 VCDs should be improved using a more accurate AMF calculation. More perfect wind data would be helpful to determine the emissions, e.g., using the measured vertical wind profile relevant for the transported layer of the NO 2 or coupling it with concurrent meso-scale transport models to improve the emission analysis. Besides, more detailed data on chemical concentrations (e.g., O 3 , OH radicals) would be useful to quantify the chemical transformation correction factors. Finally, mobile DOAS measurements could be applied to cover temporal variations (from diurnal to seasonal variations) for various spatial scales (from the central urban area encircled by IRVR to the whole Shanghai city encircled by the outer ring road).
